Regionally metamorphosed pelitic rocks at Campolungo, Central Alps, contain biotite, muscovite, garnet, staurolite, kyanite, and quartz, and the minor minerals tourmaline, plagioclase, chlorite, rutile, and ilmenite. Accessory allanite, apatite, monazite, potassium feldspar, xenotime, and zircon have also been identified. The bulk-rock chemical composition is similar to that of shales, and indicates that the protolith was deposited in an active continental margin setting. Element distribution maps, electron microprobe analyses and in situ UV^laser ablation inductively coupled plasma mass spectrometry data document a pronounced zoning in garnet and tourmaline porphyroblasts. Garnet displays a typical bell-shaped MnO zoning profile, with a maximum ($3 wt %) in the euhedral core. Cores are also rich in Y and heavy rare earth elements (HREE; e.g. 2150 ppm Y). In their broad rim, all garnet crystals display a subhedral annulus (10^15 mm wide), which is distinctly enriched in Ca, Sr, Y, and HREE, and which probably resulted from the breakdown of allanite (at $5508C, $6·4 kbar). Another characteristic feature of garnet rims is their sinusoidal chondrite-normalized REE pattern, which may represent partial equilibration with a light REE-enriched medium, probably generated through the breakdown of metamorphic allanite. Similar REE patterns are exhibited by a Ca-poor internal zone (inside the annulus), which may represent an earlier partial equilibration following the breakdown of detrital monazite. The large tourmaline crystals exhibit an optically visible three-stage zoning, which comprises: a euhedral core; a continuously zoned inner rim with a prominent euhedral Ca-rich annulus; and an outer rim, which also displays a distinct Ca-rich annulus and is separated from the inner rim by a sutured boundary. This boundary represents a marked chemical discontinuity, characterized for example by a decrease in the Zn concentration from 250 ppm (inner rim) to 20 ppm (outer rim). This change in Zn content reflects staurolite growth, which started after resorption of the inner rim of tourmaline and after a major deformation event. This chemical and textural discontinuity coincides with a marked shift in d
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18 O, which increases by $0·8ø across the inner rim^outer rim boundary. Our thermodynamic models suggest that resorption of the inner rim of tourmaline may be associated with small amounts (5^7 vol. %) of melt formed at $6508C and 8·5 kbar. By using detailed textural observations, major and trace element zoning patterns and thermodynamic data, it was possible to model the metamorphic evolution of these rocks in considerable detail and, specifically, to correlate the growth and breakdown of major and accessory minerals.
I N T RO D UC T I O N
The Campolungo area is a classic locality in the Swiss Alps ( Fig. 1 ) and has long been famous for its wealth of mineral occurrences (Gu« belin, 1939) and for its spectacularly exposed recumbent dolomite folds (Preiswerk, 1919) . The area was the subject of geological studies as early as the late 18th and the early 19th centuries (Antognini & Bianconi, 2007) , most notably by E. Pini, who first (in 1786) described the occurrence in dolomite of a mineral that was later named tremolite. Other key early studies were made by the French and Catalan geologists D. de Dolomieu and C. de Gimbernat. This region also offers an excellent opportunity to analyze the overprinting effects of the various deformation phases (e.g. Grujic & Mancktelow, 1996) .
Despite numerous geological, structural and mineralogical studies in the Campolungo area, one conspicuous rock type (i.e. tourmaline-bearing pelitic schist) has not been investigated in detail. These schists are characterized by large euhedral tourmaline crystals, which form part of a typical amphibolite-grade metapelite mineral assemblage. These metapelites are highly suited for studying both trace element partitioning between various phases and trace element zoning patterns in refractory minerals. Moreover, these rocks give further insight into the metamorphic and structural evolution of the Lepontine Alps.
Chemical zoning in porphyroblasts is regarded as a record of changes in intensive parameters and of metamorphic reactions involved in porphyroblast crystallization. Consequently, compositional zoning in metamorphic minerals, especially garnet, provides key information for thermobarometric analysis and derivation of pressuret emperature^time (P^T^t) paths (e.g. Spear et al., 1984) . At high T, however, major element zoning may be modified considerably by intracrystalline diffusion (e.g. Florence & Spear, 1991; Caddick et al., 2010) . Trace element zoning, on the other hand, may be less susceptible to modification by diffusion and can be more pronounced than major element zoning (e.g. Hickmott & Shimizu, 1990; Lanzirotti, 1995; Spear & Kohn, 1996) , suggesting that trace elements may be highly sensitive to chemical changes, kinetic effects, and changes in P and T. Several studies have demonstrated the usefulness of investigating both major and trace element zoning in garnet from metamorphic rocks (Chernoff & Carlson, 1999; Pyle & Spear, 1999; Skora et al., 2006; Corrie & Kohn, 2008; Konrad-Schmolke et al., 2008) . Discontinuous changes in trace element concentration profiles across porphyroblasts have been interpreted as reflecting events that occurred simultaneously throughout the entire rock; for example, breakdown or formation of metamorphic phases or infiltration of trace element-enriched fluids or melts during porphyroblast growth (Hickmott et al., 1987 Carlson, 1989; Schwandt et al., 1996; Spear & Kohn, 1996; KonradSchmolke et al., 2008) . Other studies, however, argued that in some circumstances, these zoning features may record only local effects in the immediate vicinity of a porphyroblast, reflecting failure of some elements to achieve chemical equilibrium at hand-sample scale (Chernoff & Carlson, 1997 . Here we explore these possibilities further by comparing trace and major element zoning in coexisting garnet and tourmaline porphyroblasts. We propose that the distinct compositional profiles across crystals of both phases may be correlated by using a combination of major and trace element data, textural information, accessory phases, and thermodynamic modeling.
G E O L O G I C A L S E T T I N G
Campolungo is located in the Lepontine area of the Central Alps ( Fig. 1) , an area that is dominated by recumbent folds, or nappes, which were formed during the Alpine orogeny. The Alps resulted from collision of the European and African continents, recording the closure of oceanic basins (Alpine Tethys) originally located between Europe and the Adriatic microplate (part of the Apulian plate, which originally belonged to Gondwana; see Stampfli, 2000; Stampfli et al., 2001) . The rocks described in this paper belong to the Simano nappe, paleogeographically a part of the European domain before the onset of tectonic convergence. The nappes derived from the European domain include the Gotthard 'Massif ' as well as the Leventina, Lucomagno, Simano and Antigorio nappes ( Fig. 1) , which have been known as the Lower Penninic (or Sub-Penninic) nappes. The classic term 'Penninic', however, has been avoided in the recent literature (e.g. Schmid et al., 2004; Berger et al., 2005) , because it included units derived from various paleogeographical domains (i.e. the European continental margin, the Valais ocean, the Brianc°onnais terrane, and the Piemont^Liguria ocean). The Pennine zone thus referred to the geological units that lie structurally south and above the Aar Massif and the Helvetic cover nappes, and north and below the Austroalpine domain, which represents the northern continental margin of the Adriatic microplate (Tru« mpy, 1980) . The Valais and the Piemont^Liguria oceans belong to the Alpine Tethys, which separated the European and the Adriatic plates during the Upper Jurassic and parts of the Cretaceous and which is kinematically linked to the opening of the Atlantic Ocean (Stampfli, 2000) . Structurally above the Simano nappe is the Adula nappe, a Paleogene tectonic me¤ lange unit . This 'tectonic accretion channel' (Engi et al., 2001 ) is overlain by the Tambo and Suretta nappes, which belong to the Brianc°onnais terrane ( Fig. 1) , located paleogeographically between the Valais and the Piemont^Liguria oceans.
In the Lepontine Alps, the European domain consists of a pre-Triassic basement (shown in red in Fig. 1 ) and, at (Berger & Mercolli, 2006) and from Berger et al. (2005) . The northern limit of the Alpine migmatite belt (bold dashed line) is from Burri et al. (2005) ; staurolite and sillimanite zone boundaries (fine dashed lines labeled St-in and Sil-in, respectively) are from Frey & Ferreiro Ma« hlmann (1999) . Filled star marks Campolungo locality. Lu, Lukmanier pass; Be, Bellinzona; L.M., Lago Maggiore. several localities, a metamorphosed sedimentary cover of Late Paleozoic and Early Mesozoic age. The basement, often referred to as crystalline basement, consists of orthogneisses (Lower and Upper Paleozoic metagranitoids), polymetamorphic paragneisses, some amphibolites, and rare ultramafic lenses. The orthogneisses of the Simano nappe are represented by the leucocratic two-mica Verzasca gneiss, derived from an Upper Carboniferous granite emplaced at the end of the Variscan orogeny, and by a biotite gneiss derived from an $490 Ma granite protolith (Alle' gre et al., 1974; Ko« ppel et al., 1981; Ko« ppel, 1993) .
The general stratigraphic sequence observed in the sedimentary cover of the European basement comprises, from bottom to top, the following units: (1) clastic metasedimentary rocks, which consist of pelitic to psammitic gneiss and more quartz-rich muscovite schist to gneiss with quartz pebbles (metaconglomerates?); the protoliths of these characteristic metasedimentary rocks were probably deposited during the Permian and possibly Carboniferous (Bossard, 1936; Gru« tter & Preiswerk, 1936) ; (2) white to buff-colored quartzite (also known as basal quartzite), which may contain considerable amounts of muscovite; (3) phlogopite-bearing dolomite, locally alternating with quartzitic layers; (4) various types of mainly dolomitic marble; (5) greywacke; (6) a characteristic metamarl, the so-called Quartenschiefer; (7) calcareous micaschists (also known as Bu« ndnerschiefer) with a typical brownish gray color. These calcareous micaschists are attributed to the Jurassic, whereas units (2)^(6) are assigned to the Triassic. The general stratigraphic sequence observed in the European domain is similar to the Germanic Triassic and has been interpreted as the result of the marine transgression by the Tethys (see Berger et al., 2005) .
The Campolungo area was mapped in careful detail by Bianconi (1971) , who also provided complete stratigraphic profiles as well as thorough petrographic descriptions of the various rock types. At Campolungo, the only metasedimentary unit missing from the stratigraphic sequence is the Upper Triassic Quartenschiefer. Variations in the Triassic lithostratigraphy are also known from other localities in the Simano nappe (Bianconi, 1971) , pointing to slight variations in the depositional environment. Most prominent at Campolungo is stratigraphic unit (4): it is thick and consists of white and grey dolomites, ranging from laminated varieties to massive bands with saccharoidal texture, and from pure dolomite to tremolite-rich layers (for detailed descriptions, see Bianconi, 1971; Mercolli, 1982) . Another prominent lithological unit at Campolungo is a thick sequence of psammitic to pelitic rocks (unit 1). It is these clastic metasedimentary rocks that are the topic of the present study, and all samples were collected from outcrops near Lago Leit (Swiss coordinates 698.650/146.600; see Fig. 1 ).
Structural investigations at Campolungo and in adjacent areas identified five phases of deformation during the Alpine orogeny (Grujic & Mancktelow, 1996; Maxelon & Mancktelow, 2005) . The first phase, D 1 , is related to the initial thrust and nappe development and is preserved as recumbent tight to isoclinal folds. These folds exhibit cores of pre-Triassic basement surrounded by metasedimentary cover rocks. The second deformation phase, D 2 , refolded the nappe pile into major isoclinal folds characterized by a strong penetrative axial plane schistosity (S 2 ), which represents the dominant regional schistosity. The D 2 structural features were themselves overprinted during deformation phase D 3 , which led to the development in mica-rich layers of a pronounced crenulation cleavage, S 3 (parallel to the axial planes of D 3 folds). The entire fold sequence was then folded (during D 4 ) about a large-scale F 4 synform with an east^west-trending axial plane. During the last phase (D 5 ), kink-like chevron folds developed locally (for details, see Grujic & Mancktelow, 1996) .
P E T RO G R A P H I C F E AT U R E S Major and minor minerals
The regionally metamorphosed Campolungo pelites contain biotite, muscovite, garnet, staurolite, kyanite, and quartz, and the minor minerals tourmaline, plagioclase, chlorite, rutile, and ilmenite. Here, we describe the relationships between major and minor minerals observed in 42 thin sections, also detailing key microstructures (Figs 2 and 3). Combined with the deformation phases established on a regional scale (Grujic & Mancktelow, 1996) , these thin-section observations allowed us to deduce relationships between mineral growth and deformation (summarized in Fig. 4) .
A characteristic feature of these rocks is the presence of large (up to several centimeters long), euhedral black tourmaline crystals (Fig. 2a) . In many cases, the tourmaline porphyroblasts have been broken into several pieces, which have then been pulled apart and in some orientations slightly displaced (Fig. 2a , long crystal in upper part of image). Staurolite can be observed in the space between the pulled-apart segments of tourmaline, clearly showing that it grew after tourmaline fracturing and extension (Fig. 2a , shorter crystal in lower part of the image). Such relationships between euhedral staurolite and tourmaline can be observed directly in the field. In plane-polarized light, tourmaline crystals exhibit an optically visible three-stage zoning consisting of a dark green core (C), an olive-colored inner rim (IR), and a lighter olive outer rim (OR; see Fig. 2b and c). Crystal cores may display lamellae that are characterized by different shades of green in transmitted light. Some tourmaline cores also contain small ($200^300 mm across) but distinct rounded tourmaline inclusions, which can be recognized by their slightly different color and are interpreted to be of detrital origin. Textural relationships indicate that the IR probably crystallized pre-to syn-D 2 , implying that the core was formed earlier, probably during D 1 (see Fig. 4 ). The IR of some large crystals contains abundant ilmenite inclusions, which exhibit a core of rutile and appear to be preferentially aligned. Detailed microscopic observations show that tourmaline was fractured before growth of the outer rim. The fractures and 'boudinaged' segments have been healed by light olive-colored tourmaline, which is continuous with, and has the same optical and chemical properties as, the OR (Fig. 2b) . Therefore, the OR must have crystallized at the same time as the fracture fillings; that is, during or after the fracturing event, which, based on textural relationships, must be represented by D 3 .
Staurolite crystals between pulled-apart tourmaline segments grew at the same time as the tourmaline OR (see Fig. 2a ). This conclusion is further supported by the post-kinematic structure exhibited by many of the poikiloblastic crystals, which shows that they overgrew the crenulation produced during D 3 (Fig. 3a) . However, close examination of large porphyroblasts (up to several millimeteres long) indicates that some staurolite had probably also grown during earlier stages of the metamorphic history (Fig. 4) . This interpretation is based on the occurrence of inclusion trails in the core area (Fig. 3b) , which are discordant to the folded foliation in other parts of the crystals or in the adjacent matrix. Moreover, muscovite, quartz and/or biotite occasionally occur together in what appears to be a pseudomorphic replacement of staurolite (Fig. 3c) . The main schistosity wraps around these pseudomorphs, suggesting that the original mineral must have formed prior to D 2 (Fig. 4) . Commonly, staurolite crystals exhibit highly irregular grain boundaries, whereby their rims are intimately intergrown with muscovite and quartz. In a few cases, staurolite exhibits embayed grain boundaries, which are filled by plagioclase. Staurolite contains inclusions of garnet, biotite, rutile, rutile rimmed by ilmenite (typically aligned along S 2 ), tourmaline, and quartz (Fig. 3b) .
Garnet also forms prominent porphyroblasts, which range in size from 200 mm to several millimeters. Typically, crystals are fractured and show irregular grain boundaries, which may be overgrown by biotite or chlorite. Independent of size, garnet crystals exhibit distinct inclusion-rich cores, and inclusion-poor rims. Some of the larger crystals seem to consist of multiple cores surrounded by a single inclusion-poor rim. Smaller crystals occur frequently as aggregates or form garnet-rich bands. In many crystals a narrow, concentric band of tiny inclusions located between the core^rim boundary and the crystal edge can be recognized in cross-polarized light. Some garnet cores display an internal inclusion fabric (mostly defined by white micas and quartz) that clearly indicates syn-kinematic growth (Fig. 3d) . In some cases, the main schistosity wraps around garnet crystals, which then also exhibit pressure shadows containing randomly oriented biotite. As crystal cores are so distinct and sometimes perfectly euhedral, we conclude that they grew during D 1 , whereas the rims were formed in a separate growth event, before and during D 2 . Garnet is also found as small (5700 mm across), euhedral inclusions in staurolite, as well as in the IR of large tourmaline crystals. In two instances, a tourmaline core was found to contain garnet inclusions (up to 1·2 mm across). Kyanite is aligned in the folded S 2 foliation or, in some cases, overgrows this foliation (Fig. 3e) . These textures suggest crystallization during or after D 3 (Fig. 4) . In some cases, kyanite appears to be partially replaced by chlorite.
Muscovite is very abundant ($40^50 vol. %) and, along with the less abundant biotite ($15 vol. %), defines the main foliation (S 2 ), which was folded during D 3 ( Fig. 3e and f) . In addition, muscovite is frequently oriented parallel to the axial planes of the crenulation, defining a crenulation cleavage (S 3 ; Fig. 3a ). Both micas are polygonized in the hinges of the crenulation, suggesting that they recrystallized after D 3 . Moreover, large biotite crystals (several millimeters long) are also found as cross-micas (i.e. discordant to S 2 ) or replacing garnet.
Lath-shaped ilmenite crystals are typically aligned parallel to the main foliation (Fig. 3f) . Ilmenite is also found in the hinges of the folded S 2 foliation, aligned parallel to S 3 (Fig. 3a) , and is occasionally randomly distributed (Fig. 3h) . It is a common inclusion in staurolite (Fig. 3b) , tourmaline (core and IR), and in the outer parts of garnet. Ilmenite frequently forms rims around matrix rutile crystals (Fig. 3g) , with the same texture occasionally present as inclusions in tourmaline (IR) and staurolite.
In the interior parts of garnet, the Ti phase is typically rutile (see below).
Plagioclase occurs as large (several millimeters across), poikilitic porphyroblasts, which overgrow the crenulation, particularly in muscovite-rich layers. This microstructure (Fig. 3h) indicates that plagioclase is a late phase, formed after D 3 (Fig. 4) . Plagioclase does not occur in all examined samples. It is notably absent from sample Leit 8, which is representative of most of the studied pelites and for which most mineral compositions are presented (see below).
Chlorite is a clearly retrograde phase (Fig. 4) , which is always observed to overgrow the main foliation. It replaces garnet, biotite and occasionally staurolite and kyanite.
Our interpretation of the described relationship between mineral growth and deformation, as presented in Fig. 4 , is largely consistent with that of Grujic & Mancktelow (1996) . The major differences from this earlier work are that in the Campolungo metapelites most of the staurolite is clearly post-kinematic with respect to D 3 and there is no evidence for post-D 3 formation of garnet. Both of these porphyroblast types are commonly distinctly fractured, which we interpret as recording a D 4 phase that left few other clear traces.
Accessory minerals
Allanite, apatite, monazite, potassium feldspar, xenotime, and zircon are all present as accessory phases. The following description is based on observations made during a detailed scanning electron microscope (SEM) examination of thin sections Leit 1a and Leit 8 g (Klapper, 2008) . Additional information, obtained from the remaining 40 thin sections, was collected optically as well as with back-scattered electron (BSE) images and element distribution maps.
Only one allanite crystal has been found (section Leit 1a). It occurs together with monazite ( Fig. 5a ) as a small (3·5 mm across) inclusion in garnet, in an area that is also rich in xenotime inclusions.
Apatite is relatively abundant and occurs as primarily anhedral grains, which reach 1·8 mm in size. The larger grains are porphyroblastic, may contain quartz inclusions, and are fractured. Apatite crystals are frequently aligned in the S 2 foliation and have also been found as inclusions within the rims of garnet crystals.
Monazite ranges in size from 60 to 260 mm and is most abundant in biotite-and muscovite-rich domains. It is typically anhedral and frequently arranged in clusters of small grains (Fig. 5) . Monazite also occurs as inclusions in garnet and staurolite. Occasionally, monazite encloses small grains of rutile or ilmenite.
Only two crystals of potassium feldspar have been found. They are $1mm across and associated with muscovite. Grujic & Mancktelow (1996) . D 2 produced the pervasive schistosity.
Xenotime is present exclusively as inclusions in garnet, where it is typically found as anhedral grains, which range in size from 10 to 35 mm across. Xenotime is occasionally found associated with monazite (Fig. 5b) .
Zircon is typically subhedral to anhedral and occurs both in the matrix and as inclusions in garnet and tourmaline. Within garnet, zircon appears to be especially abundant in the center. The zircon grains are commonly 15^20 mm across, but may form subhedral crystals with dimensions up to 130 mm Â 35 mm. Occasionally, zircon occurs as inclusion in ilmenite and kyanite.
B U L K-RO C K C O M P O S I T I O N
The studied metapelites exhibit a considerable compositional variation with respect to both major and trace element contents ( 
Total 99·2 9 8 ·9 9 9 ·2 9 9 ·4 9 9 ·7 9 9 ·7 9 9 ·0 9 8 ·5 9 9 ·7 Condie, 1993) are less than a factor of two for most elements ( Fig. 6 ; Cr enrichment is most probably due to the Cr-steel mill used for sample preparation). A notable exception is the pronounced depletion in Ca relative to NASC. A distinctly low CaO content is characteristic for the studied rocks (average CaO content 0·31 AE0·09 wt %, n ¼ 9). In comparison with the shale data of Turekian & Wedepohl (1961) , the Campolungo metapelites are also markedly depleted in S (200^300 ppm vs 2400 ppm). High field strength elements are relatively abundant in all analyzed samples, including Ti (TiO 2 ¼1·0 AE 0·1wt %; average of nine samples), Y (45 AE 6 ppm), Zr (210 AE 30 ppm), Nb (20 AE1ppm), and Th (24 AE 2 ppm). The Li content of the Campolungo metasedimentary rocks shows considerable variability (15^57 ppm). It overlaps with the concentration range reported for various shales (28^109 ppm), and the average value of 28 AE14 ppm is similar to the estimated average Li content of the upper continental crust (McLennan, 2001; Teng et al., 2004) .
The B concentrations (average 61 AE58 ppm; range 22^203 ppm) are typical for argillaceous sedimentary rocks, which on average host $100 ppm B (Goldschmidt & Peters, 1932a , 1932b Harder, 1970) , but may contain up to 310 ppm (Leeman & Sisson, 1996) . 
Abbreviations for methods: XRF, X-ray fluorescence spectrometry (borate-fused glass beads for major elements; pressed powder pellets for trace elements); ICP 90 , inductively coupled plasma optical emission spectrometry, preceded by Na 2 O 2 fusion; MS 90 , inductively coupled plasma mass spectroscopy, preceded by Na 2 O 2 fusion; MS 4 , inductively coupled plasma mass spectroscopy, preceded by LiBO 2 fusion; CHM, LECO infrared spectroscopy; COL, colorimetry, preceded by digestion in a multi-acid mixture (HF-HNO 3 -H 3 BO 3 ) in a non-oxidizing environment. D.L., detection limit of the method. LOI, loss on ignition. The chondrite-normalized rare earth element (REE) patterns ( Fig. 7 ) exhibit a distinct light REE (LREE) enrichment, with an average (La/Yb) CN of $13, which is approximately twice the enrichment observed for NASC. The Campolungo metapelites further display a marked negative Eu anomaly (average Eu/Eu* ¼ 0·63 AE 0·01), which is very similar to those of shales (Eu/Eu* ¼ 0·68 for NASC) and upper continental crust (Eu/Eu* ¼ 0·61, Taylor & McLennan, 1985) .
M I N E R A L C O M P O S I T I O N Tourmaline
After careful optical examination of many tourmaline crystals in several samples and in various orientations, four crystals were selected for element mapping and quantitative electron probe microanalysis (EPMA) traverses. The observations reported below are consistent with all four analyzed tourmaline crystals.
Element distribution maps and EPMA data document pronounced chemical zoning in tourmaline, but all analyses plot within the field of the alkali group of Henry et al. (2011) . As shown in Fig. 8 , element distribution maps display clearly the three-stage zoning observed optically ( Fig. 2b and c) . The maps reveal that the core, the IR and the OR are separated by two pronounced discontinuities of markedly different appearance. The first boundary outlines a euhedral core, which is particularly well visible in the Ti and Fe maps. The second discontinuity, between IR and OR, is distinctly sutured and is particularly well recognizable in the Mg map.
Quantitative EPMA data from a traverse across the crystal shown in Fig. 8 reveal that both IR and OR are themselves simply zoned (see, for example, the decreasing Na and Fe contents of the IR, Fig. 9a ). The sutured discontinuity between the IR and OR truncates the relatively simple zoning of the IR (shown clearly by Ca and Mg maps in Fig. 8 ) and represents a pronounced chemical gradient. In all studied crystals, this boundary is characterized by a sharp increase in Na and Mg content, and by decreases in Al, Fe tot , Ca, Ti, and in the calculated number of X-site vacancies (Fig. 9a) . A detailed Mg map (Fig. 2S , electronic supplementary material) reveals that the zone with highest Mg contents in the inner rim has a euhedral outline, which is parallel to the core^IR boundary. Rimward, the Mg concentration first drops to considerably lower levels before increasing abruptly at the sutured boundary with the OR. This suture cuts discordantly through both the low-Mg and the high-Mg zones of the IR. The low-Mg zone of the IR is thus not preserved everywhere (see Fig. 8e ). A similar pattern is exhibited by the Na distribution (Fig. 8f) .
The cores of analyzed tourmaline crystals contain irregularly shaped, rounded zones (e.g. Na, Ti, and Mg maps in Fig. 8 ). This feature is most obvious in the Ti distribution ( Fig. 8c) , where an $100 mm diameter patch contains less Ti than the rest of the core (labeled D in Fig. 8a ). This observation is displayed quantitatively in zoning profiles (Fig. 9a) , where it is apparent that the rounded area (labeled D) also has elevated Al contents relative to the rest of the core. Based on its shape and location within the euhedral core, we interpret this, and similar rounded areas in the cores of other crystals, as detrital grains. A second feature of the euhedral crystal cores is an irregular, lamellar distribution of Ti, similar to that observed in the mica-rich matrix surrounding the tourmaline crystal (Fig. 8c ). These lamellae of alternating high and low Ti concentrations are evident as color variations in transmitted light, and produce the oscillatory Ti zoning profile seen in the core section of Fig. 9a . Less well-defined lamellae are also apparent in the distributions of Mg (see detail in Fig. 2S , electronic supplementary material), Na ( Fig. 8f ), and Al (not shown).
A significant characteristic of the studied tourmalines is the presence of two pronounced annuli with Ca contents that are distinctly higher than that of the adjacent areas (Figs 8b and 9a). Both Ca-rich annuli are euhedral and parallel to the boundary between the core and IR. The first Ca-rich annulus occurs in the IR and is truncated by the sutured boundary between the IR and OR. A similar annulus, also truncated at the boundary between the IR and OR, appears as a narrow band with slightly lower concentrations in the Fe map (Fig. 8d , yellow band in IR; see also Fig. 9a ). The outer Ca-rich annulus occurs within the OR, closer to the edge of the crystal than the zone of highest Mg and lowest Al contents (Fig. 9a ). Both Ca annuli are associated with small positive spikes in the concentration profile of Ti (Figs 8c and 9a) .
Identical Ca-rich annuli have been observed in all four tourmaline crystals that were mapped and/or analyzed by EPMA, and occur in both cross-sections and longitudinal sections. The CaO concentration within the annuli is 0·6^0·85 wt %, higher than in any other part of tourmaline (Table 2 ). In contrast, the lowest Ca concentrations are always found in the cores of tourmaline crystals (0·03^0·05 wt % CaO).
The crystal shown in Figs 2c and 8 was investigated further by laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS), whereby the SiO 2 content determined by EPMA served as an internal standard. LA-ICP-MS results reveal that the OR is markedly enriched in LREE compared with the interior parts of the crystal (Fig. 9b) , where most of these elements are at or below their detection limits (Table 3 ). The OR displays chondrite-normalized REE values that are one order of magnitude higher than those of the IR and, moreover, it is characterized by a distinct positive Eu anomaly (Fig. 10 ). Pronounced zoning is also exhibited by Zn, with highest Zn contents in the core (270^280 ppm) and the IR ($250 ppm), and an abrupt decrease to 40^50 ppm at the suture between the IR and OR. Other trace elements show no sharp change in abundance at this boundary, but are gently zoned from core to IR (e.g. Sr and V, Fig. 9b ). A similar pattern is exhibited by Cr (not shown), but the contents of Ni and Pb are relatively constant across the entire crystal. The studied crystal is very poor in Li, which is typical for tourmaline containing considerable amounts of Mg (e.g. Henry & Dutrow, 1990) .
Garnet
Element distribution maps, electron microprobe analyses, and in situ UV-LA-ICP-MS data document pronounced chemical zoning in garnet. Compositional traverses and element distribution maps were obtained on carefully centered sections (based on maximum Mn concentration) through several garnet crystals in three samples. One of the most striking features displayed by garnet is the presence of a concentric, Ca-rich band, which is typically Table 3 ; X and Y designate the locations of analyses 3 and 4, and 14 and 15, which were averaged, respectively. The small crystal above the tourmaline is garnet, which displays the typical Ca-rich core as well as a Ca-rich annulus. D, detrital core; C, core; IR, inner rim; OR, outer rim; Vac, number of X-site vacancies in tourmaline (p.f.u.); Grt, garnet.
10^15 mm wide, occurs in the outer parts of crystals, and is slightly irregular to ring-like in shape (Fig. 11 ). All garnet crystals, independent of their size, display such a Ca-rich annulus, as also seen in Fig. 9b (small crystal above tourmaline) and Fig. 3S (electronic supplementary material). The Ca-rich band is located entirely within the garnet rim; that is, it does not coincide with the prominent boundary between the core and IR (Fig. 11a) . Furthermore, the rounded annuli contrast with the more regular, polygonal shape of the Ca-rich cores. This polygonal core geometry is not visible in the distribution maps of Mg, Mn or Fe. Moreover, the Mg and Mn maps do not show the annular 
On the basis of 15 cations and 31 anions B (stoich) 3·000 3·000 3·000 3·000 3·000 3·000 3·000 3·000 3·000 3·000 3·000 3·000 3·000 3·000 3·000 3·000 3·000
Mn 0·000 0·000 0·000 0·000 0·000 0·000 0·000 0·000 0·001 0·001 0·002 0·001 0·000 0·001 0·000 0·000 0·000
*OR, outer rim; IR, inner rim; C, core; D, detrital core. Al 2 O 3 27 30·5 2 9 ·2 2 8 ·3 3 0 ·6 2 9 ·7 2 9 ·6 2 8 ·9 2 8 ·4 2 8 ·9 2 9 ·0 2 8 ·8 2 9 ·6 2 9 ·6 2 9 ·9
SiO 2 1 29 36·0 3 6 ·0 3 6 ·0 3 6 ·0 3 6 ·0 3 6 ·0 3 6 ·0 3 6 ·0 3 6 ·0 3 6 ·0 3 6 ·0 3 6 ·0 3 6 ·0 3 6 ·0 
*OR, outer rim; IR, inner rim; C, core. features observed for Ca, although the Fe map reveals a coincident ring of low Fe content (Fig. 11c) . These qualitative observations are corroborated by quantitative EPMA data obtained from traverses across several garnet crystals. The EPMA data discussed here (Table 4) are representative of all other studied garnet crystals from several samples. Chemical variation is characterized by bell-shaped zoning profiles for MnO and CaO, with maximum contents of 3 wt % for both components in the crystal core. Magnesium exhibits the opposite behavior, with MgO contents of $1·8 wt % in the core and $4 wt % near the edge of the crystals. In contrast to the smooth changes observed in the rim^core^rim Mg and Mn profiles, the Ca profile displays prominent spikes, with abrupt increases in Ca content (Fig. 12a) . These spikes, where CaO concentrations reach 1·5 wt % (Table 4) , are the Ca-rich, Fe-depleted annuli described above (Fig. 11) . Maximum X grs of the spike is less than that of the crystal core. Both the X-ray map (Fig. 11b ) and the chemical profile (Fig. 12a) demonstrate that the variation in Ca concentration across the annuli is not symmetric, but rather displays a steep slope on the inner side of the annulus and a more gradual decrease in concentration on the outer side. A distinct change in Ca content is also observed at the boundary between the Ca-rich core and the IR of garnet (Fig. 12a) . In some cases, there is a zone rich in apatite inclusions between the IR and the annuli (see Fig. 3S , electronic supplementary material).
To study the distribution of trace elements in garnet, and in particular in the Ca-rich annuli, the representative crystal shown in Figs 11 and 12 was also subjected to in situ chemical analysis using LA-ICP-MS. The Al 2 O 3 content of garnet, as determined by EPMA, served as an internal standard for the LA-ICP-MS analysis. As a consistency check, data were also collected for some major components, and these are in good agreement with those obtained by EPMA (compare CaO, MgO and MnO contents in Tables 4 and 5 ). The results show that the sharp spike in Ca coincides with prominent spikes in the concentration of several trace elements, especially the REE (Fig. 12b) . Indeed, the Ca concentration profile is broadly mimicked by all detectable REE, with the highest REE contents found in the garnet core. From core to rim, the REE contents decrease continuously until the Ca-rich annulus is reached, at which point a marked increase in REE concentrations is observed (Fig. 12b) . Rimward of the Ca spike, the REE concentrations decrease again, reaching their lowest levels at the edge of the crystal. . Schematic diagram (a) and X-ray maps showing the distribution of various elements (b^f) within a typical garnet crystal (thin section Leit 8g). The Ca-rich core displays a roughly six-sided outline, whereas the Ca-rich annulus exhibits a ring-like shape. The dots forming a straight line in (f) represent craters that resulted from LA-ICP-MS analysis (see Fig. 12a ). Cool colors in X-ray maps represent low concentrations, warm colors high concentrations, white represents maximum concentration. IR, inner rim; OR, outer rim; Ilm, ilmenite; Mnz, monazite; Xen, xenotime. Fig. 12b ). Both the Y-rich core, with a distinct hexagonal outline, and the Y-rich annulus are clearly visible in the Y distribution map shown in Fig. 11f . Crystal-scale zoning of V and Zn (Fig. 12b) , as well as Nb and Cr (not shown), is far less pronounced than in tourmaline. Significant core-to-rim increases in Co content are observed. REE zoning in garnet is associated with a marked core-to-rim change in the chondrite-normalized REE patterns. The garnet core displays a typical heavy REE (HREE)-enriched pattern, which is flat for the HREE and decreases sharply toward the LREE (Fig. 10) , yielding a (Sm/Lu) CN value of 0·01. The (Sm/Lu) CN value, however, is twice as large in the Ca-rich annulus. Moreover, the chondrite-normalized values for the HREE in the core are nearly two orders of magnitude larger than in the OR. The chondrite-normalized patterns of both the 'trough' (low-Ca zone just inside the Ca annulus, corresponding to the average of analyses 6 and 15 in Fig. 12b ) and the OR display a prominent sinusoidal shape (Fig. 10) .
The Y map reveals a number of tiny xenotime inclusions in garnet, which were also analyzed qualitatively by Table 4 : Representative EPMA data for garnet from profile shown in Fig. 12 (thin section Leit 8g) Analysis no.: Gar2 Gar3 Gar24 Gar31 Gar36 Gar50 Gar63 Gar76 Gar89 Gar93 Gar112 Gar148 Gar163 Gar168 Gar174 Gar186 Gar189
Micrometers : 15  26  355  456  547  721  883  1051  1218  1267  1514  1996  2168  2230  2291  2426  2475   SiO 2  38·1  37·9  37·5  37·6  37·4  37·4  37·2  37·4  37·3  37·2  37·3  37·0  37·3  37·3  37·5  37·6  37·7   Al 2 O 3  21·9  21·7  21·4  21·2  21·5  21·5  21·4  21·5  21·3  21·5  21·4  21·1  21·5  21·5  21·5  21·8 21·3
Cations per formula unit based on 12 oxygens
Cr 0·000 0·002 0·001 0·000 0·001 0·000 0·001 0·003 0·001 0·000 0·000 0·002 0·001 0·001 0·001 0·001 0·001 Ti 0·000 0·001 0·002 0·000 0·002 0·005 0·002 0·001 0·002 0·001 0·007 0·002 0·000 0·001 0·002 0·001 0·000
Mn 0·018 0·015 0·032 0·051 0·065 0·092 0·131 0·158 0·188 0·189 0·160 0·077 0·060 0·051 0·032 0·026 0·040 Zn 0·002 0·000 0·000 0·001 0·004 0·001 0·000 0·000 0·001 0·000 0·000 0·002 0·000 0·001 0·001 0·000 0·001 Mg 0·486 0·503 0·369 0·302 0·297 0·279 0·244 0·220 0·218 0·217 0·229 0·304 0·340 0·351 0·423 0·485 0·446 Ca 0·035 0·034 0·049 0·123 0·036 0·069 0·149 0·261 0·225 0·225 0·222 0·056 0·025 0·102 0·048 0·035 0·035 Na 0·005 0·003 0·007 0·003 0·003 0·008 0·010 0·013 0·015 0·014 0·010 0·010 0·017 0·001 0·007 0·003 0·004 Sum (cat) 7·997 8·002 8·008 7·996 8·002 8·013 8·009 8·003 8·000 8·003 7·994 8·020 8·008 8·006 8·014 8·007 8·004
Al(IV) 0·008 0·011 0·013 0·000 0·013 0·022 0·017 0·011 0·003 0·014 0·009 0·021 0·014 0·019 0·020 0·021 0·002
X(alm) 0·817 0·814 0·848 0·839 0·865 0·851 0·822 0·782 0·783 0·784 0·791 0·852 0·852 0·831 0·830 0·817 0·825 X(grs) 0·012 0·011 0·016 0·041 0·012 0·023 0·050 0·087 0·075 0·075 0·075 0·019 0·008 0·034 0·016 0·012 0·012 X(prp) 0·163 0·168 0·123 0·101 0·099 0·093 0·081 0·074 0·073 0·073 0·077 0·100 0·114 0·117 0·140 0·162 0·148 X(sps) 0·006 0·005 0·011 0·017 0·022 0·030 0·044 0·053 0·063 0·063 0·054 0·025 0·020 0·017 0·011 0·009 0·013 X(uva) 0·000 0·001 0·000 0·000 0·001 0·000 0·000 0·002 0·001 0·000 0·000 0·001 0·000 0·000 0·001 0·000 0·001 Table 5 . C, core; IR, inner rim; T, trough; A, annulus; OR, outer rim; alm, almandine; grs, grossular; prp, pyrope; sps, spessartine. Table 5 : LA-ICP-MS data for garnet, obtained along the profile shown in Fig. 12 Isotopic mass Analysis no.
3 energy-dispersive X-ray (EDX) spectroscopy. These inclusions are restricted to the area inside the Ca-rich annulus, where they occur mostly inside the hexagonal-shaped high-Y zone of the core (Fig. 11f) . Element distribution maps and EDX analyses further indicate that monazite is present in several garnet crystals, but mostly at, or outside, the Ca-and Y-annulus (Klapper, 2008) . The garnet porphyroblasts in these metapelites exhibit an additional striking characteristic: all studied crystals contain abundant Ti-mineral inclusions in their interior parts but only scarce Ti-mineral inclusions outside the Ca-rich annulus. Moreover, Ti-mineral inclusions are especially abundant in two distinct zones: the Ca-rich core, and the low-Ca trough just inside the Ca-rich annulus (Fig. 13) . The related Fe and Ti distribution maps (Fig. 13) reveal that inclusions inside the Ca-rich annulus are almost exclusively rutile, whereas on the outside the few inclusions are ilmenite. This phase identification has been verified by EDX spectra of numerous inclusions. Very rare ilmenite crystals have been observed inside the annulus, where they occur typically in the low-Ca trough.
Other major and minor minerals
The composition of the other major minerals, and of ilmenite, plagioclase and chlorite, in various thin sections is given in Table 6 . Trace element data obtained by LA-ICP-MS analysis are listed in Table 7 for selected minerals from thin section Leit 8 g.
Biotite exhibits a statistically identical average chemical composition in all samples. It has an X Mg of $0·51, and contains $1·4 wt % TiO 2 and 0·4 wt % Na 2 O. The sum of all alkali-site cations amounts to only 0·85 per formula unit (p.f.u.). The Li content of biotite is 70 ppm, 10 times (2) 1·42 (9) 0·35 (7) 0·39 (7) 0·38 (6) 0·61 (5) 0·63 (5) 0·01 (2) 53·3 (4) 0·01 (1) 0·01 (1) 0·11 (2) FeO tot 18·7 (5) 18·3 (4) 18·7 (5) 0·8 (2) 0·8 (2) 0·9 (2) 13·4 (1) 13·9 (2) 0·18 (5) 47·9 (4) 0·02 (2) 0·1 (1) 23·8 (6) MnO 0·05 (7) 0·04 (5) 0·02 (3) 0·03 (5) 0·02 (4) 0·01 (2) 0·03 (1) 0·04 (2) 0·01 (1) 0·17 (3) 0·01 (1) 0·01 (1) 0·03 (2) NiO 0·04(5) 0·06 (7) 0·04 (3) 0·02 (5) 0·02 (3) 0·01 (1) n.a. 0·02(2) 0·01 (1) n.a. n.a. n.a. n.a. ZnO n.a. n.a. n.a. n.a. n.a. n.a. 0·36(3) 0·35 (2) n.a. n.a. n.a. n.a. n.a. Si  2·710  2·715  2·753  3·049  3·084  3·140  7·945  7·828  0·991  2·922  2·836  5·184   Al  1·728  1·745  1·688  2·846  2·822  2·746  17·574  17·613  2·006  1·082  1·166  5·688   Cr  0·003  0·003  0·003  0·003  0·002  0·002  0·010  0·001  0·002   Ti  0·084  0·074  0·080  0·017  0·019  0·019  0·128  0·132  0·000  0·992  0·000  0·000  0·016   Fe   2þ   1·170  1·138  1·169  0·047  0·046  0·048  3·103  3·246  0·004  0·992  0·001  0·003  4·122   Mn  0·003  0·002  0·001  0·001  0·001  0·001  0·007  0·010  0·000  0·004  0·000  0·000  0·006   Ni  0·003  0·004  0·002  0·001  0·001  0·000  0·004  0·000   Zn  0·074  0·073   Mg  1·208  1·237  1·215  0·058  0·060  0·079  0·783  0·780  0·001  0·013  4·926   Ca  0·000  0·071  0·149  0·002   Na  0·057  0·060  0·058  0·283  0·255  0·221  0·006  0·001  0·914  0·845  0·005   K  0 ·807  0·780  0·763  0·689  0·644  0·643  0·000  0·004  0·005  0·011   AECations  7·772  7·758  7·732  6·995  6·934  6·899  29·667   8   29·759   9   3·005  2·000  4·995  5·006  19·963 OH (calc) 2·000 2·000 2·000 2·000 2·000 2·000 3·400 3·216 16·000
Ti Fe
Values in parentheses are standard deviations (s n -1 ) of the average and apply to the last digit. n.a., not analyzed. larger than that of muscovite. Biotite also contains considerably larger amounts of Rb (800 vs 260 ppm) and Cs (40 vs $1ppm), and is richer in all analyzed transition elements. With the exception of Ce, the REE are present in concentrations that are below the detection limits of the LA-ICP-MS method used (Table 7) . Muscovite also has the same composition in multiple samples, and in different textural settings. It contains only $0·1Mg þ Fe atoms p.f.u., and Ca was not detected (Table 7) , but it is relatively rich in Na 2 O ($2 wt %). The sum of all alkali-site cations ranges from 0·86 to 0·97 p.f.u., yielding a value of 0·26^0·28 for Na/ (Na þ K þCa). In addition to tourmaline, muscovite is the only phase in thin section Leit 8 g that hosts B. Its B content (40 AE 4 ppm) is almost identical to that of the host rock (39 AE 7 ppm), implying that most of the rock's B occurs in muscovite (modal abundance: 40^50 vol. %) and not in tourmaline. Compared with biotite, muscovite is considerably richer in Sr (140 ppm vs 2 ppm) and Ba (900 ppm vs 360 ppm), and contains four times more Pb. No REE were detected in muscovite.
The EPMA data for staurolite in Table 6 are averages of randomly selected crystals from two thin sections. Staurolite is not compositionally zoned and displays no appreciable crystal-to-crystal variations in composition. It has an Mg/(Mg þ Fe) value of 0·2, and is relatively rich in ZnO (0·36 wt %). Moreover, the LA-ICP-MS data show that staurolite contains 4200 ppm Li, the highest Li content of all studied phases (Table 7) . It also hosts considerable amounts of Cr (240 ppm), and $80 ppm each of Co and Ni. No other trace elements were detected by LA-ICP-MS.
Kyanite contains minor Fe (FeO tot ¼ 0·18 AE 0·05 wt %, n ¼ 32) and Cr 2 O 3 (0·07 AE 0·04 wt %). No LA-ICP-MS data are available for kyanite.
Ilmenite contains minor amounts of MnO and MgO (Table 6 ). The LA-ICP-MS results also revealed the presence of $100 ppm Cr and Zn, $400 ppm Nb, and $40 ppm Co and Ta. No REE were detected.
Plagioclase is chemically homogeneous within a given sample, but exhibits distinct compositions in different hand specimens, ranging from albite (An 7 ) in samples Leit 400 and Leit 400a to oligoclase (An 15 ) in samples Leit 1 and Leit 10 (Table 6) .
Chlorite is intermediate in composition, exhibiting an Mg/(Fe þ Mg) value of $0·5 (Table 6) .
Quartz is virtually pure, with only trace amounts of Li ($6 ppm) and Al ($30 ppm).
Accessory minerals
Monazite contains $2 wt % Y 2 O 3 when enclosed in garnet, but typically 51wt % when it occurs in the matrix. It hosts 45000 ppm of U and Ca, as well as $2500 ppm Sr and $1200 ppm Pb (Tables 7 and 8 ). The ThO 2 content ranges from 3 to 5 wt %, but some matrix crystals display an overgrowth characterized by higher concentrations ($7 wt %). The chondrite-normalized REE pattern (not shown) exhibits the pronounced LREE enrichment typical of monazite, with (La/Yb) CN ¼ 3702. The REE pattern further displays a marked negative Eu anomaly (Eu/Eu* ¼ 0·68), which is similar to that of the host rock (Table 1) . When normalized to the host rock, the REE pattern is almost flat for the LREE, decreasing sharply towards the HREE (Fig. 14) .
Xenotime contains high concentrations of HREE, as determined by EPMA (Table 8 ; no LA-ICP-MS data available). It displays a typical HREE-enriched chondrite-normalized pattern (not shown). When normalized to the bulk-rock composition, the REE pattern increases from $800 for Gd to $8000 for Ho, Er and Lu (Fig. 14) .
Zircon is relatively rich in HfO 2 ($2 wt %) and contains up to 0·3 wt % Y 2 O 3 (Table 8 ).
OX YG E N I S OT O P E C O M P O S I T I O N Major minerals
The d 18 O values decrease in the order quartz, staurolite, muscovite, biotite, and garnet, reflecting a tendency towards equilibrium isotope fractionation between the minerals ( 
Tourmaline
The average bulk d
18 O value for six randomly selected tourmaline separates was determined at 7·3 AE 0·3ø (Table 9) .
To analyze the oxygen isotopic composition of single growth zones in tourmaline, we extracted oxygen gas from separates of each zone. The average d 18 O value for the core is well constrained by two analyses from two crystals (Table 10 ). The inner rims of two crystals exhibit statistically identical d
18 O values (crystals C and P), similar to those of inner rim B2. The values obtained for the other two crystals (B1 and D1), however, are higher (Table 10) . For two crystals, d
18 O values are available for both core and IR: in the case of crystal C, the values are identical, whereas the inner rim of crystal B2 has a lower d
18 O than the core. On average, the oxygen isotopic compositions of core and IR are similar, if not identical (6·4ø vs 6·5 AE 0·4ø).
The average oxygen isotope composition of the OR is relatively poorly constrained, as the two available analyses differ by $0·9ø (Table 10) . However, when comparing SiO 2 0·44 0·46 (6) 0·4 (1) 0·8 (3) n.a. n.a. 32·3 (5) 32·1 (2) 32·2 (4) 32·0 (2) 32·02 (4) 32·2 (1) P 2 O 5 29·9 2 9 ·4(2) 30·3 (3) 29·4 (5) 35·8 (1 (1) 0·1 (1) 1·4 (1) 0·39 (9) 0·93 (7) 0·92 (2) Y 2 O 3 2·4 0 ·8 (1) 0·5 (2) 1·9 (2) 48·2(3) 47·0 0 ·1 (1) 0·2 (1) 0·3 (1) 0·12 (5) 0·04 (1) 0·16 (2) ZrO 2 n.a. n.a. n.a. n.a. n.a. n.a. 65·8 (7) 65·6 (5) 65·4 (7) 65·8 (7) 65·6 (7) 65·2 (4) La 2 O 3 14·3 1 4 ·6 (4) 12 (1) 14·4 (2) n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
Ce 2 O 3 29·2 2 9 ·4 (9) 26 (1) 28·5 (7) n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
3·1 (1) 3·0 (1) 3·0 (1) n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
12·0 (5) 12·8 (7) 12·0 (3) n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
2·9 (5) 2·12 (9) n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. Values in parentheses are standard deviations (s n -1 ) of the average and apply to the last digit. n.a., not analyzed. Coexists with Xeno5 (see Fig. 5b ).
2
Coexists with Mona5 (see Fig. 5b ). 
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D I S C U S S I O N Bulk-rock composition
The chemical composition of clastic sedimentary rock suites exhibits major variations owing to changes in grain size (e.g. Roser & Korsch, 1986 . It reflects predominantly the nature and proportion of their detrital components and thus, their provenance (e.g. Roser & Korsch, 1986) . Because the composition of the source rocks is a function of tectonic setting, the tectonic evolution of a depositional basin may be reconstructed using the chemical composition of the clastic sedimentary rocks (e.g. Roser & Korsch, 1986 Cullers, 2000; Cullers & Podkovyrov, 2000; Shao et al., 2001) . Provenance can also be inferred from the abundance and ratio of certain trace elements. For example, the relative distribution of trace elements with fairly low mobility during sedimentary and diagenetic processes, and with different concentrations in silicic and basic source rocks, has been used to infer the relative contributions of silicic and basic sources in shales and sandstones (e.g. Bhatia & Crook, 1986 Table 8 ). Dashed lines connect to detection limits of elements that were not detected (no symbol shown). Inner rim
Average (crystal D1) 6·89 P 6 ·85 P 5 ·97
Average (crystal P) 6·41
Outer rim
Average (crystals D1 and X) 7·23 D1 7·67 X 6 ·78
The upper-case letters refer to separate crystals. Slack & Stevens, 1994; Cullers, 2000) . Similarly, relative REE patterns and the extent of the Eu anomaly have been used to infer sources of sedimentary rocks (e.g. Wronkiewicz & Condie, 1987) . On a global scale, mudrocks reflect the average composition of the upper continental crust (UCC; see Taylor & McLennan, 1985) . Most mudrocks, however, form in restricted sedimentary basins, and their compositions thus reflect adjacent source rocks (Cox & Lowe, 1995) . For example, incompatible elements such as LREE and Th are more concentrated in silicic than in basic igneous rocks, whereas other trace elements (e.g. Sc, Cr, Co) are more enriched in basic igneous rocks, so their abundances and ratios have been used for determinations of provenance and tectonic setting of sedimentary rocks (Cullers, 1994a (Cullers, , 1994b (Cullers, , 2000 Mongelli et al., 1996; Nyakairu & Koeberl, 2001) . The chemical signature of the source rock, however, may be modified by processes such as weathering at the source, hydraulic sorting during transport, and diagenesis or metamorphism, which both also obscure or destroy the original detrital mineralogical composition (Cullers et al., 1987; Crichton & Condie, 1993; Condie et al., 1995; Cox & Lowe, 1995; Nesbitt et al., 1996) . On the other hand, chemical characteristics of provenance may survive metamorphism as high as amphibolite grade (Roser & Korsch, 1988) .
Although the Campolungo metapelites display many characteristics of shales, including B content and Eu anomaly, they are enriched in certain elements, notably the LREE and Th, and are markedly depleted in Ca relative to NASC (Figs 6 and 7) . A similar Ca depletion has also been reported for other argillaceous rocks (Wronkiewicz & Condie, 1987; Saleemi & Ahmed, 2000; Bhat & Ghosh, 2001 ) and has been ascribed to selective leaching during weathering, as it is associated in many cases with Na and Sr depletion [see discussion by Wronkiewicz & Condie (1987) ]. The Campolungo metapelites do not show a pronounced depletion in Na or Sr relative to NASC (Fig. 6) , and the low Ca contents remain to be explained. Roser & Korsch (1988) developed a method for determining provenance of sandstone^mudstone suites. This method, which is largely independent of grain-size effects, applies a discriminant function using seven major element components and allows for distinction of four sources (Fig. 15a) . According to this method, the Campolungo metapelites plot mostly in the field of intermediate igneous provenance (andesite^dacite). Roser & Korsch (1986) have shown further that sandstones, siltstones and mudrocks from different tectonic settings can be distinguished on the basis of their K 2 O:Na 2 O values and their SiO 2 contents. The K 2 O/Na 2 O vs SiO 2 discrimination diagram (Fig. 15b) suggests that the argillitic protolith of the Campolungo metapelites was deposited in an active continental margin setting, consistent with trace element data. In the La^Th^Sc tectonic discrimination diagram of Bhatia & Crook (1986) the Campolungo metapelites plot as a tight cluster at the boundary between the fields of active or passive margins and continental arc (Fig. 15c) . Using Zr as a plotting variable instead of La (Bhatia & Crook, 1986) , the fields of active and passive continental margins are resolved, and all analyzed metapelites fall within the active continental margin field (Fig. 15d) . In both trace element plots, the Campolungo metapelites are distinct from the NASC composition, particularly because of their high La (and other LREE) and Th contents (see Figs 6 and 7 ). An active margin setting for the source rocks is consistent with models proposed for the evolution of the western Tethys realm, specifically during the Permian (Stampfli et al., 2001, fig. 16 ).
Values of Th/Sc increase with sedimentary maturation and/or supply of evolved (acidic) detritus (Roser et al., 1996) . For the Campolungo metapelites, the average values of Th/Sc (1·34 AE 0·07), La/Sc (3·8 AE 0·2) and Eu/ Eu* (0·63 AE 0·01) lie within the range of sedimentary material derived from silicic sources (Cullers, 2000) , and are very similar to those of tonalitic rocks (Condie & Wronkiewicz, 1990) . The REE are preferentially enriched in the finest size fractions of sediments (Taylor & McLennan, 1985) , and therefore the REE as well as the size of the Eu anomaly of pelites are representative of the bulk composition of the source (Cullers et al., 1987) .
The active continental-margin field has been described as representing continental-margin magmatic arc or uplifted areas associated with strike-slip faults and deposited in pull-apart basins. From the combination of all geochemical characteristics of the studied rocks, we conclude that the protolith of the rocks studied here probably represents material derived from uplifted areas associated with strike-slip faults and deposited in pull-apart basins. Such intramontane basins existed during the late Paleozoic in the region that is now represented by the Helvetic and Lepontine Alps (Tru« mpy, 1980) .
Thermodynamic modeling and metamorphic evolution P^T pseudosection modeling
The metamorphic evolution of the Campolungo metapelites has been modeled in the system Na 2 O^K 2 O^CaOM gO^FeO^MnO^TiO 2^A l 2 O 3^S iO 2^H2 O, using the bulk-rock composition of sample Leit 8 (Table 1 ). The water content was set at the amount determined analytically for this sample. The P^T diagram shown in Fig. 16 was computed using free energy minimization (Perplex_X; see Connolly, 2005) with end-member thermodynamic data from Holland & Powell (1998) , and solution models as shown in Table S1 (electronic supplementary material). Andalusite, kyanite, sillimanite, quartz, ilmenite, and rutile were considered as pure phases. Because of the lack of thermodynamic data for tourmaline and because it is the only B-rich mineral in the rock, the phase was not considered. To illuminate the evolution of the model system, modal abundances (Fig. 17) and compositions (Fig. 4D , electronic supplementary material) of the stable phases were extracted along the path indicated on the P^T phase diagram section (Fig. 16) . The starting point of the P^T path (point A: 4628C, 4·7 kbar) was chosen to match the spessartine and pyrope contents of the garnet core (Figs 12 and Fig. 4S ; Table 4 ). The path was further constrained to be consistent with the occurrence of kyanite (appearing above $6608C and 47·1 kbar) and retrograde staurolite as well as with the absence of retrograde plagioclase in this sample.
At the starting point of the P^T path (point A in Fig. 16 ), the phase diagram section predicts that garnet, staurolite, chloritoid, biotite, ilmenite, and two white micas should be stable. One of the white micas, paragonite, breaks down at $5508C and $6·4 kbar, c. 508C higher than the Roser & Korsch, 1986) . The components are plotted in wt % (recalculated on 100 wt % volatile-free). (c) The La^Th^Sc tectonic discrimination diagram for clastic sediments (Bhatia & Crook, 1986) . (d) The Zr/10^Th^Sc tectonic discrimination diagram for clastic sediments (Bhatia & Crook, 1986) . NASC, North American Shale Composite; data from Condie (1993) . UCC, average Upper Continental Crust; data from Taylor & McLennan (1985) .
disappearance of chloritoid (Fig. 16) . At 5408C and 6·28 kbar, just prior to its disappearance, paragonite has an X Na of 0·864 and an X Ca of 0·041 (approximately twice the calculated Ca content of coexisting muscovite). This relatively high Ca content is redistributed throughout the assemblage during paragonite breakdown. The analyzed pyrope content of the Ca-rich annulus in garnet (X prp ¼ 0·10^0·12; see Fig. 12a , Table 4 ) is consistent with formation at $5508C and $6·5 kbar, coinciding with paragonite breakdown (Figs 16, 17 and 4S) . Therefore, we tentatively interpret the sharp increase in X grs observed at the annulus as having resulted in part from the increased availability of Ca owing to the disappearance of paragonite. Calculations suggest that muscovite, on the other hand, continues to grow through this part of the P^T path (Fig. 17) , with Na-rich compositions (Fig. 4S ) agreeing well with EPMA data (Table 6) . After the disappearance of chlorite at $6108C and $7·8 kbar, growth of considerable amounts of garnet and muscovite at the expense of biotite and staurolite is predicted (Fig. 17) . Rutile growth at the expense of ilmenite also occurs. A major phase of garnet growth is predicted Fig. 16 . Phase diagram section calculated for the bulk-rock composition of sample Leit 8 and showing the P^T path selected for the modeling of the metamorphic evolution of the Campolungo rocks. Conditions for points along the P^T path are: A: 4628C, 4·7 kbar; B: 6448C, 8·5 kbar; C: 6678C, 8·5 kbar; D: 5878C, 5·5 kbar. Point 1 marks the conditions inferred for the allanite-to-monazite reaction and formation of the Ca-rich annulus in garnet. Bio, biotite; Chl, chlorite; Ctd, chloritoid; Grt, garnet; Ms, muscovite; Pa, paragonite; Pl, plagioclase; San, sanidine; St, staurolite; and, andalusite; ilm, ilmenite; ky, kyanite; qtz, quartz; rt, rutile; sil, sillimanite. Lower-case abbreviations indicate that the minerals have been treated as pure phases. Solution models of the other phases are given in Table S1 (electronic supplementary material). Shading indicates degree of variance: light shades have a lower variance than dark shades. Bold continuous lines represent univariant reactions.
at $8·1 kbar and $6308C, in excellent agreement with the oxygen isotope equilibration temperature obtained from garnet^quartz pairs using the latest fractionation coefficients (see Table 11 ). In combination with the thin-section observations (Fig. 4) , we interpret this event to represent the syn-D 2 mineral growth. The production of small amounts of melt (4^5 vol. %; see Fig. 17 ) is predicted at $6508C and 8·5 kbar (between points B and C, Fig. 16 ). The temperature of subsequent kyanite formation ($6608C) is almost independent of P within the range of $7·7^8·7 kbar (Fig. 16) , and we interpret these conditions ($6608C, $8·5 kbar) as representing D 3 (thin-section observations indicate that kyanite crystallizes during or after D 3 ; Figs 3e and 4) . The observed textural relationships (e.g. Fig. 2a and b) further suggest that both the OR of tourmaline and crack-filling staurolite crystallize after D 3 (Fig. 4) . Average d 18 O compositions of the OR of tourmaline and quartz yield an equilibrium fractionation temperature of either 7088C or 6278C, depending on the choice of fractionation coefficients (Table 11 ). Staurolite growth is predicted to occur early in the retrograde history of the inferred P^T path ($6608C and $8·2 kbar) at the expense of kyanite (Fig. 17 ). This event is followed by formation of ilmenite from rutile, consistent with observed ilmenite rims around matrix rutile grains (Fig. 3g) . The inferred retrograde P^T path then exits the melt stability field (Figs 16 and 17) , and whereas muscovite is partially consumed, biotite continues to grow. This late-stage biotite is recorded texturally as cross-biotite. Staurolite continues to grow until the end of the path at 5·5 kbar and 5878C (point D in Figs 16 and 17) , consistent with the oxygen isotope equilibration temperature calculated from staurolite^quartz pairs using the Zheng (1993a Zheng ( , 1993b ) fractionation coefficients (Table 11 ). Temperature calculated with the coefficients of Richter & Hoernes (1988) seems unrealistically high in this case. Continuation of the path to lower P and T would result in retrograde chlorite (subject to the availability of water), in agreement with the thin-section observations. Extrapolating the path even further (using the same dP/dT) would yield a pressure of $2 kbar at 5008C, which is consistent with estimates for the development of the assemblage tremolite þ calcite in late (syn-to post-D 4 ) veins within dolomite marbles of the Campolungo area (Mercolli et al., 1987) .
Previous thermobarometric calculations using fluid-conserving multi-equilibria (based on thin section Leit 8c) yielded a well-defined P^T estimate at 7·5 AE 0·4 kbar and 643 AE118C (Engi et al., 1995; Todd & Engi, 1997) , which has been interpreted as representing the thermal peak of the Alpine metamorphism (P at T max ). Similarly, an oxygen isotope equilibration temperature of $6308C, obtained for other metapelites from Campolungo (containing magnetite), has been interpreted as T max of the Alpine metamorphism (Hoernes & Friedrichsen, 1980) . These conditions agree relatively well with our data, but fall slightly below the temperature of the field of kyanite stability predicted here. Indeed, our oxygen isotope equilibration result mirrors that of Hoernes & Friedrichsen (1980) extremely well, but we interpret this as representing the thermal conditions accompanying garnet growth during D 2 rather than the subsequent maximum temperature achieved. The previous temperature estimate of 643 AE118C lies between our estimates for the mineral assemblages formed during D 2 and D 3 . The presence of both rutile and kyanite in the samples studied here yields a higher P estimate than that of Engi et al. (1995) , although the absolute maximum pressure is difficult to constrain here. On the basis of piezobarometric observations, Rosenfeld (1969) determined a pressure of 48 kbar at an estimated 6008C for the growth of garnet in the Campolungo metapelites; this estimate is consistent with garnet growth during D 2 , as calculated here. Our P and T estimates for D 2 and D 3 also agree well with those derived from similar micaschists occurring near Campolungo in another part of the Simano nappe (Ru« tti et al., 2005) as well as in a comparable structural setting $10 km further to the west (Galli et al., 2007) . Pelitic sediments usually contain considerable amounts of B because of concentration in clay minerals, particularly illite [see discussion by Sperlich et al. (1996) ]. With increasing metamorphic grade, B is released during recrystallization or breakdown of illite and white mica, becoming available for tourmaline growth. Rocks that originally contained abundant illite tend to produce tourmaline during prograde metamorphism. As the B contents of the studied metapelites are within the range of typical argillaceous sedimentary rocks (see above) and most of the B is now present in muscovite, we conclude that no external B source was needed for tourmaline growth. Instead we propose, in agreement with Sperlich et al. (1996) , that the B required to form the large tourmaline cores was derived from the continuous transformation of illite into white mica, probably during D 1 . Furthermore, breakdown of paragonite (Fig. 17) , calculated here at $5508C, may have released sufficient B to allow formation of the IR of tourmaline, which thus must have grown at T45508C. The OR of tourmaline grew after partial resorption of the IR, as documented by the sutured boundary between the two distinct growth zones (Fig. 8) . Moreover, textures, such as that shown in Fig. 2b , suggest that the OR of tourmaline grew only after fracturing during D 3 . Our calculations indicate that this event occurred at a temperature of $6608C (Fig. 16 ) and suggest limited consumption of muscovite at this stage of the history (Fig. 17) . Muscovite, however, recrystallized to a certain extent during D 3 , as indicated by the pronounced crenulation cleavage that it defines (Fig. 3a) . We therefore conclude that partial recrystallization of muscovite during D 3 released sufficient B to allow formation of the OR of tourmaline.
An important remaining question is why tourmaline, a highly refractory phase (Henry & Dutrow, 1996) , experienced partial resorption before final growth. Our calculations point to the production of melt, albeit in very small amounts ($5 vol. %; Fig. 17 ), during this stage of the metamorphic evolution. Whether or not this melt was indeed generated is uncertain and what role it may have played in the resorption is unknown. In the field, the rocks lack visible signs of melt presence, and the study area is outside the Alpine migmatite belt (Fig. 1) . The oxygen isotopic composition of the OR of tourmaline (Table 10) , however, does indicate that it may have formed at conditions that were considerably different from those prevailing during formation of the IR.
Garnet growth and diffusion
The preceding discussion was based upon equilibrium calculations for a fixed bulk-rock composition, but numerous studies have suggested that the effective bulk-rock composition can change as metamorphism progresses, partly owing to sequestration of components in, or release of components from, zoned phases (e.g. Spear, 1988; Stu« we, 1997) . We thus performed a separate set of calculations, predicting the phase proportions grown along a specific P^T path, but removing the components forming garnet after each step in which garnet was stable. The amount and composition of garnet extracted from the bulk-rock at each step were then used to forward model the garnet zoning that would occur owing to crystal-rim equilibration during prograde burial and heating to the peak conditions inferred above, based upon a spherical crystal geometry. An important assumption of this process is that once garnet was removed from the bulk-rock composition we did not allow its resorption, so periods of staurolite growth at the expense of garnet (e.g. Florence & Spear, 1993) , or partial dissolution during decompression, will be poorly represented. Calculations were based upon the same initial bulk-rock composition, thermodynamic data and solid-solution models as those used in the P^T pseudosection modeling (see above), but with additional bulk-rock H 2 O (3·38 wt % rather than 2·78 wt %). It was found that addition of more than c. 3·4 wt % bulk-rock water inhibits garnet stability (enhancing phyllosilicate stability) at low temperature, where equilibrium garnet compositions are most consistent with measured crystal-core values. Whenever fluid became stable along the prograde or decompression path, we removed it from the bulk-rock composition, retaining the structurally bound H in crystalline phases.
For an appropriate timescale (10 Myr heating and 10 Mry cooling), intracrystalline diffusion across the growing zoned garnet crystal was calculated at each step, again assuming a spherical geometry and using the diffusion data of Carlson (2006) . Further information on the garnet growth and diffusion model has been given by Caddick et al. (2010) . Results (Fig. 18) show the predicted garnet zoning and coexisting phase stabilities, which differ slightly from the P^T pseudosection owing to significant depletion of components (particularly MnO, CaO and FeO) in the effective bulk-rock composition (EBC) once peak conditions are reached. The predicted garnet zoning matches analyzed trends well (Fig. 18a) , albeit with lower Fe and higher Mn contents in the modeled crystal core. This small discrepancy may reflect a non-central section (in three dimensions) in the analyzed crystal, an imperfect choice of modeled initial P and T, properties of the underlying thermodynamic mineral solution models, or kinetic factors limiting validity of the assumption of equilibrium growth from a simple bulk-rock composition at the lowest temperatures. The prominent Ca annulus also cannot be reproduced, suggesting that this is at least partly due to reaction kinetics, dissolution of phases not currently modeled (e.g. Spear & Pyle, 2010) , or additional processes outside the scope of the current modeling (discussed further below).
For the P^T path of interest, this model predicts generation of a small melt fraction, reaching $6^7 vol. % melt at the peak temperature (Fig. 18b) . This petrologically realistic melt fraction for a pelite at 6708C was controlled by the progressive extraction of water (as a fluid phase) along the preceding prograde path, with the resultant melt composition containing (in molar proportions) approximately 39% H 2 O, 49% SiO 2 , 6% Al 2 O 3 and 5% Na 2 O (with minor amounts of CaO, K 2 O, FeO and MgO). The melt stability is short-lived (Fig. 18b) , with crystallization occurring soon after peak temperature on the path C^D (see P^T path labels in Fig. 16 ).
Ca-rich annuli and REE zoning
The occurrence of Ca-rich annuli in porphyroblasts of two phases within the same rock is unusual and cannot be reproduced with the simple modeling techniques described above, thus warranting further discussion.
Garnet
The Ca-rich annulus forms a concentric band with distinctly higher concentrations of certain trace elements, including Sr, Y, and HREE (Figs 11 and 12) . Similar discontinuous changes in garnet from other localities have been attributed to breakdown or formation of other phases, or open-system interaction with fluids or melts (Hickmott et al., 1987 Carlson, 1989; Schwandt et al., 1996; Spear & Kohn, 1996; Corrie & Kohn, 2008) . In their studies of pelitic garnets from the Picuris Range, New Mexico, however, Chernoff & Carlson (1997 presented convincing arguments against applying such an interpretation universally; most importantly, they observed that even though most garnet crystals (formed at 0·37 GPa and T peak ¼ 525 AE 258C) exhibited Ca annuli with sharp hexagonal outlines, the chemical composition of these annuli varied widely for different-sized garnets. Specifically, they found a strong correlation between the MnO content of a garnet's core (taken as an index of crystal nucleation time; Carlson, 1989) and the concentrations of MnO, MgO and FeO at the Ca spike in that crystal (shown for MnO in Fig. 19a ). Such a relationship would not be expected if the garnet-forming components had achieved equilibrium at the hand-specimen scale (dashed horizontal line in Fig. 19a ). Chernoff & Carlson (1997 , thus, concluded that the Ca spikes cannot represent rock-wide event markers in these rocks, because the annuli cannot have formed contemporaneously in all garnets. Rather, those workers interpreted the Ca-rich annuli, which coincide with enrichment in various other trace elements (e.g. Y, Yb), as reflecting the participation of different trace element-enriched phases in the garnet-forming reaction at different times during the reaction history for crystals of different size. At Campolungo, complete core^rim quantitative compositional profiles are available for only two garnet crystals with different sizes and different core MnO contents. This limited dataset demonstrates, however, that the major element composition is almost identical for both Ca annuli, even though the core compositions of the two garnets are distinct (Fig. 19b) . Consequently, these data do not lie on the trend of Chernoff & Carlson (1997 , shown schematically for MnO in Fig. 19a , indicating that the Ca spikes could indeed have resulted from a rock-wide event. In this case, the observed enrichment in Sr, Y and HREE in the Ca annuli relative to the adjacent garnet zones can also be due to a rock-wide event.
Yttrium-rich annuli in garnet have also been reported from other garnet-and staurolite-zone metapelites (Lanzirotti, 1995; Chernoff & Carlson, 1999; Pyle & Spear, 1999; Yang & Rivers, 2002; Yang & Pattison, 2006; Corrie & Kohn, 2008) . Processes invoked as possibly causing this unusual feature include: (1) changes in the growth rate of garnet; (2) garnet resorption followed by renewed growth; (3) open-system infiltration of a fluid or a melt enriched in Y and other trace elements; (4) breakdown of minerals rich in Y and other trace elements. A substantial change in the abundance of inclusions might indicate mechanism (1) (Lanzirotti, 1995) . Element distribution maps for each studied garnet crystal show that the low-Ca trough, just inside the Ca-rich annulus, contains very abundant inclusions of rutile (e.g. Fig. 13 ). The annulus itself is relatively inclusion-free, which could be explained by a decrease in the rate of garnet growth (Lanzirotti, 1995) . This mechanism, however, is difficult to otherwise assess without an explanation for the sudden change in Fig. 12a ). Model calculated for the starting bulk-rock composition of Leit 8, but allowing for depletion of this initial bulk-rock composition as garnet grew, and for a P^T path involving burial and heating from 3778C at 5·5 kbar to 5278C at 7·5 kbar, and then to points B, C and D, which correspond to those labeled in Figs 16 and 17. An animation of the growth zoning established during this path, and its concomitant diffusive relaxation, is available for downloading as Fig. 5S in the electronic supplementary material. (b) Volume proportion of the calculated coexisting phases along the P^T path for which garnet growth was modeled. The proportion of garnet was calculated by summing the garnet fraction grown over all preceding steps, illustrating how garnet resorption was not permitted in this model. Orange area shows the melt stability field. Pl, plagioclase; alm, almandine; grs, grossular; prp, pyrope; sps, spessartine.
growth rate. Annuli preserved in Campolungo garnets exhibit asymmetric concentration profiles, with a steeper slope on the inner side. According to Yang & Rivers (2002) , this feature may be indicative of garnet resorption and renewed growth, which would result from a change in the garnet-forming reaction. Similarly, the fact that the annuli do not exhibit a hexagonal shape might also point to an interruption of garnet growth [see discussions by Lanzirotti (1995) and Chernoff & Carlson (1999) ]. According to our thermodynamic modeling, however, the Ca-, Sr-, Y-, and HREE-rich annuli of the Campolungo crystals appear to have been formed during a period of continued garnet growth in the temperature range 462^6108C (Figs 16 and 17 ), so mechanism (2) seems unlikely. Moreover, the annuli are generally subhedral, sometimes having straight outlines (e.g. small crystal in Fig. 9b ), and not displaying the embayments on their inner side that would be expected if resorption had preceded renewed garnet growth (Pyle & Spear, 1999; Yang & Rivers, 2002) . We therefore suggest that the annuli might indeed represent a zoning feature produced during a hiatus-free garnet growth, as discussed by Lanzirotti (1995) and Chernoff & Carlson (1999) . This conclusion suggests that mechanisms (3) or (4) may have been important in these samples. Both processes are similar in that Y and other trace elements are suddenly available for incorporation into garnet. An additional argument favoring mechanisms (3) or (4) is provided by the REE patterns, especially by the striking sinusoidal REE patterns of both trough and OR (Fig. 10) . The proposed mechanisms for the formation of such patterns vary, but all studies agree that garnets with such unusual REE patterns experienced complex evolutions (Shimizu, 1975; Shimizu & Richardson, 1987; Hoal et al., 1994; Stachel et al., 1998; Griffin et al., 1999; Taylor et al., 2003; Zhang et al., 2003; Konrad-Schmolke et al., 2008) . Such complex REE patterns in zoned metamorphic garnets can be explained in terms of sequential garnet-producing reactions, which consume major minerals (e.g. chlorite, epidote) in thermodynamic equilibrium with an EBC that is continuously depleted in HREE owing to fractionation into the growing garnet (Konrad-Schmolke et al., 2008) . For harzburgitic garnet showing sinusoidal REE patterns, however, it is generally believed that patterns were initially LREE-depleted and subsequently modified by metasomatism through a LREE-enriched fluid. We propose here that the pronounced sinusoidal REE patterns of both the trough and the OR of the Campolungo garnet (Fig. 10) are the result of an attempt by garnet to re-equilibrate with a LREE-enriched medium. The nature of this medium is unknown, but could be either a LREE-rich fluid or melt, or an EBC that has become LREE-enriched through the breakdown of a LREE-rich mineral. Monazite is the only preserved phase with a pronounced LREE-enriched chondrite-normalized pattern. The LREE part of this pattern is parallel to that of the bulk-rock (Fig. 14) . Comparable amounts of LREE and similar REE patterns are typical for allanite (Giere¤ & Sorensen, 2004) , but only one tiny allanite inclusion in garnet was found in the Campolungo samples ( Fig. 5a ; because of its small size, no quantitative chemical data are available for this allanite). The only other solid phase with detectable, albeit very low, LREE contents is tourmaline (IR and OR; Table 3 ; Fig. 14) . However, tourmaline is an unlikely source of the LREE, because its IR grew contemporaneously with the garnet rim (Fig. 4) .
The fact that the annulus in garnet also contains Ca and Sr suggests that it might be related to the breakdown of allanite, which may incorporate large amounts of Sr (Giere¤ & Sorensen, 2004) . Allanite has been shown to break down at 5508C in similar rocks (Janots et al., 2008) from the Lukmanier pass ($12 km north of Campolungo; Fig. 1 ). Allanite breakdown at lower amphibolite-facies conditions in pelitic schists typically produces monazite (Smith & Barreiro, 1990) , forming clusters of anhedral or subhedral monazite grains, which mimic the original shape of the allanite crystals (Wing et al., 2003; Janots et al., 2008) . Such monazite aggregates are observed in the matrix of the Campolungo metapelites ( Fig. 5e and f) , indicating that they may have been formed through allanite breakdown. Moreover, the current generation of monazite contains high amounts of Sr, Ca and Y (Tables 7  and 8 ), elements that would be released during the allanite breakdown. The allanite breakdown reaction also involves consumption of apatite (Wing et al., 2003; Janots et al., 2008) , thus releasing additional Ca and possibly LREE. Because all these elements are enriched in the annulus of garnet, we conclude that the annulus was formed in response to both the allanite-to-monazite reaction and the contemporaneous disappearance of the relatively Ca-rich paragonite (point 1 in Fig. 16 ). This conclusion is supported by the presence in some garnets of several monazite grains as inclusions at, or near, the Ca-rich annulus (Fig.  5a ). Few monazite grains have been observed inside the Ca-rich annulus, with examples coexisting with xenotime ( Fig. 5b) , suggesting that they may represent detrital grains (no Pb data are available for these grains). Application of the monazite^xenotime thermometer of Gratz & Heinrich (1997) yields 6138C (T min at 8·5 kbar) for the equilibration of the two phases, in general agreement with our modeled peak temperature at this pressure (Fig. 16) .
Because garnet incorporates the HREE, Y, Ca and Sr more readily than the LREE and the middle REE (MREE), the Ca-rich annulus exhibits a typical garnet REE pattern (Fig. 10) and displays a distinct enrichment in Y and Sr relative to the adjacent growth zones (Fig. 12b) . This more typical garnet REE pattern might be seen to support the hypothesis that mechanism (1) (i.e. decrease in growth rate; see above), caused the development of the pronounced annulus. However, after combining all data and observations, we conclude that mechanism (1) was not the cause of, but may have enhanced, the formation of the annulus in garnet. Later, when the HREE become depleted in the EBC through fractionation during continuous garnet growth (of the OR), the REE pattern changes into a sinusoidal shape, because garnet then attempts to equilibrate with a local environment that has become proportionally enriched in the LREE and MREE.
Similarly, we propose that the sinusoidal pattern of the garnet trough also represents an attempt by garnet to equilibrate with the LREE released through another reaction involving a LREE-rich accessory mineral. It has been shown that in metapelites, detrital grains of monazite are replaced by euhedral allanite during greenschist-facies regional metamorphism (Smith & Barreiro, 1990; Wing et al., 2003) . In the Central Alps, this monazite-to-allanite reaction has been inferred to take place upon the appearance of chloritoid at $4508C (Janots et al., 2008) . We therefore conclude that the sinusoidal pattern of the garnet trough was imposed onto garnet by the release of LREE into the EBC during the replacement of detrital monazite by metamorphic allanite. The monazite breakdown reaction also produces apatite (Janots et al., 2008 (Janots et al., , 2011 , consistent with the apatite observed near the IR^trough boundary of some garnet crystals (Fig. 3S , electronic supplementary material).
High Y concentrations and the presence of xenotime inclusions in the garnet core, as well as the steep drop in Y at the core^IR boundary (Fig. 11f) , are typical of low-Ca metapelites (Pyle & Spear, 1999) . These observations indicate that during the growth of the garnet core, its Ycontent was buffered by xenotime, which was continuously consumed until it was no longer available, at which point the Y content in garnet decreases abruptly (see Pyle & Spear; Spear & Pyle, 2010) .
Tourmaline
At the boundary between the IR and OR of tourmaline, the compositional profiles display abrupt changes in several components, including LREE, Zn, and several of the major elements (Fig. 9) . This compositional discontinuity could again be due to several mechanisms, as discussed above for garnet. Because the OR of tourmaline and staurolite formed contemporaneously (after D 3 ; Fig. 4) , it is most likely that some of the changes are due to the competitive co-crystallization of the two minerals. This conclusion is best supported by the precipitous drop in Zn content from $250 ppm in the tourmaline IR to 550 ppm in the OR (Fig. 9b) , which suggests a sudden decrease in Zn availability owing to its incorporation into staurolite ($3000 ppm Zn), a mineral that tends to strongly concentrate Zn in amphibolite-facies metapelites (e.g. Tuisku et al., 1987) . This interpretation is also consistent with the abrupt decrease at the IR^OR boundary of both Al and Fe (Fig. 9a) . A drop in the abundance of these elements, albeit at a much smaller scale, is also recognized at the core^IR boundary and may coincide with the growth of the first generation of staurolite (Fig. 4) . As seen in Fig. 8 , the IR^OR boundary is sutured, indicating that tourmaline was resorbed prior to the growth of the OR. Resorption also affected the euhedral Ca-rich annulus near the outer edge of the IR (Fig. 8b) . A second Ca-rich annulus, which is also enriched in LREE, is present in the OR. Even though the LREE concentrations change abruptly at the IR^OR boundary, the absolute values increase by 51·4 ppm (Fig. 9b) . This increase is far less than the changes observed in the case of the garnet annulus (Fig. 12b) . To produce this small absolute change it is perhaps not necessary to invoke the breakdown of an LREE-enriched mineral or the infiltration of a fluid phase or melt. Rather, we conclude that the Ca-and LREE-rich annulus in the OR of tourmaline was probably formed as a result of the texturally visible post-D 2 resorption and renewed growth after the deformation event D 3 (Fig. 4) . Resorption of tourmaline would additionally release B, which was detected only in tourmaline and, to a far lesser extent, muscovite. It could therefore be argued that muscovite growth and tourmaline resorption are intimately linked. Our thermodynamic calculations, however, predict only minor growth of muscovite (followed by some muscovite consumption) between D 2 and D 3 (Fig. 17) . Moreover, both model calculations predict the formation of small amounts (5^7 vol. %) of melt during this stage of the metamorphic history (Figs 17 and 18 b) . Even though we did not find textural evidence for the presence of melt in the studied rocks, a significant event must have happened between D 2 and D 3 , as indicated also by the change in oxygen isotope composition between IR and OR of tourmaline (Table 10) . We conclude therefore, that resorption of tourmaline might be due to partial melting, and that the renewed growth of tourmaline after D 3 may have consumed the melt. This mechanism would also provide an explanation for the Ca-and LREE-rich annulus in the OR of tourmaline. This scenario is further consistent with the elevated d 18 O of the OR relative to that of the IR (Table 10) : this increase in d
18 O during renewed growth of tourmaline can be interpreted as reflecting the d 18 O of the melt, which is expected to be elevated relative to the restite material because melting also involves consumption of quartz with a high d
18 O (Table 9) .
According to thin-section observations and X-ray maps of garnet inclusions in tourmaline, we conclude that the Ca-rich euhedral annulus in the IR of tourmaline formed contemporaneously with the Ca-rich annulus in garnet.
S U M M A RY O F R E S U LT S A N D C O N C L U D I N G R E M A R K S
The data presented here suggest that the distinct trace element zoning observed in porphyroblasts of two phases can be explained in terms of rock-wide events. We conclude that the Ca-rich annuli in both garnet and the IR of tourmaline are due to a major change in EBC, which took place at $5508C and $6·4 kbar. This would be consistent with the loss of a relatively high-Ca paragonite and the effectively contemporaneous replacement of allanite (þ apatite) by monazite. Taken together, these reactions liberate Ca, Sr, REE, Y, and B into the EBC, which can then be incorporated into growing garnet, tourmaline (IR), and monazite. Preferential incorporation of the HREE into garnet results in a 'typical' chondrite-normalized REE pattern for the Ca-rich annulus that grew at this point. Subsequent garnet growth from an increasingly HREE-depleted EBC resulted in a distinctive sinusoidal REE pattern in the garnet OR. An earlier phase of progressive fractionation is interpreted for the 'trough zone' inside the Ca-rich annulus, here involving LREE liberation during a lower-temperature monazite-to-allanite reaction. Earlier studies (Janots et al., 2008) suggested that this reaction probably occurred at c. 4508C.
Sutured IR^OR boundaries in tourmaline possibly result from its partial resorption by melt, which is predicted in small volumes during the metamorphic thermal peak (between D 2 and D 3 ). We interpret subsequent tourmaline overgrowth (OR) with substantially lower Zn contents to reflect the competitive co-crystallization of post-D 3 staurolite. Field evidence for the predicted 5^7 vol. % melt is currently lacking in the Campolungo area, but would provide an important additional constraint on the thermal history of this classic metamorphic region.
The example described here further illustrates how careful correlation of major and trace element zoning in coexisting phases can reveal aspects of their complex shared reaction histories. Furthermore, it indicates how this correlation can be coupled with thermodynamic predictions to determine P^Tconditions of these reactions, and reveals shortcomings of current simple models for crystal growth. Difficulties in reconciling mineral trace element contents with readily interpreted metamorphic reactions persist, highlighting the need for continued development of conceptual, thermodynamic and kinetic models for processes of grain dissolution, material transport, crystal nucleation and growth during metamorphism. 
S U P P L E M E N TA RY DATA
Supplementary data for this paper are available at Journal of Petrology online.
produce double-sided polished thick sections. Chips of core, inner rim and outer rim material were cut out of the optically zoned crystal slices. This procedure was performed with a metal scalpel under a binocular microscope operated with transmitted light. The chips were crushed and any visible inclusions of other phases removed by hand-picking.
Oxygen was extracted from the mineral separates and tourmaline chips with a CO 2 laser fluorination system at the Geophysical Laboratory similar to that of Sharp (1990) , but differing in that the O 2 gas is analyzed directly in the mass spectrometer without conversion to CO 2 . Samples (1^3 mg) were reacted with BrF 5 , and the liberated O 2 gas was purified in several steps before being collected on a molecular sieve. The gas was transferred into the bellows and analyzed by a Thermo-Fisher MAT 252 mass spectrometer. The analyses were compared with the UWG-2 garnet standard (Valley et al., 1995) , and all data are reported in delta notation relative to VSMOW. Replicate analyses of standards and samples show that reproducibility is generally 0·1^0·2ø. The accuracy of the measured isotope ratios may be assessed by comparing the results of this study for quartz ( 
